The axostyles of the flagellates Oxymonas, Saccinobaculus, and Notila are large ribbon-shaped structurcs which undulate actively in the cytoplasm. The form of their movements is described and illustrated. Axostyles consist of regular arrays of longitudinal fibres, the number of which varies between 100 and 5000 in different species. The fibres are about 240 A in diamctcr, apparently hollow, regularly cross-banded with a periodicity of about 150 A, and connected by delicate cross-links, also at regular intervals of about 150 A. They resemble very closely the central fibres of cilia and flagella. No other structural components are present, exccpt at thc anterior end, whcrc the fibrcs are attached to one or more basal bodies, and at the posterior tip, whcrc they are anchored to the plasma membrane. The relevance of the findings to an understanding of the mechanism of ciliary and flagellar movcments is discussed.
INTRODUCTION
In certain flagellates belonging to the family Pyrsonymphidae the axostyle, which is a large rodor ribbon-shaped intracellular organclle running from one end of the cell to the other, is capable of propagating vigorous bending movements along its length. The aim of this paper is to describe the nature of these movements, and the fine structure of the axostylcs. The findings may be relevant to an undcrstanding of the mcchanism of movcment of cilia and flagella.
Members of the Pyrsonymphidae occur only in the gut of certain termitcs and the wood-fccding roach, Cryptocercuspunctulatus. This paper deals with the three gcncra, Sacdnobaculus, Oxymonas, and Notila, which occur in the latter host. Some of the findings have been briefly reported elsewhere (9, 10) .
MATERIALS AND METHODS
Cryptocercus punctulatus was collected at Mountain Lake Biological Station, Virginia. Flagellates were obtained by squeezing the abdomen or by removing and opening the hindgut. Living organisms were studied in undiluted gut fluid, using phase contrast, and photographs were taken using a Zeiss "Microflash" device. Movements were also recorded on cine-film, using an Arriflex 16 mm camera operated at 24 frames per second, with a mercury vapour lamp as source of illumination. Axostyles were isolated for microscopic study by the digitonin method (1) . In this procedure fixation in 40 per cent ethanol at --10°C is followed by treatment with 1 per cent aqueous digitonin at room temperature. This slowly dissolves most of the cytoplasm, leaving behind free, intact axostyles and other fibrous organelles.
The methods for electron microscopy were as described previously (7) . Organisms were fixed for 45 minutes in a 1 per cent osmium tetroxide solution buffered at pH 7.9 and containing 0.09 M calcium chloride, then embedded in Araldite, sectioned, and stained with uranyl acetate. A Philips EM 200 electron microscope was used, operated at 60 kv with a 25 /~ objective aperture. Micrographs were taken on film or plates at magnifications between 1300 and 31,000.
OBSERVATIONS

Saccinobaculus, Oxymonas, and Notila
In the original account of the flagellates of Cryptocercus (5) only one of these genera was recog-FIGURE 1 Drawing of Saccinobaculus to show the axostylc as it appears in a fixed and stained preparation. Note the sheath around the posterior end of the axostyle, characteristic of this genus.
nised. This was Saccinobaculus, of which three species were described. Further study led to the removal of two of these to the genus Oxymonas, and to the discovery of additional species of Saccinobaculus. A related organism, which was placed in a third genus Notila, was also found (2-4). The three genera are, in most respects, structurally very similar. All have four flagella, a single nucleus, and a well developed axostyle. They differ in relatively minor structural details. In Oxymonas, for example, the posterior tip of the axostyle is pointed and protrudes conspicuously (Fig. 2) , in Saccinobaculus it is surrounded by a prominent sheath and does not protrude (Fig. 1) , while in Notila it is bluntended and apparently lacks a sheath. There are also certain other differences which need not be considered here.
Notila is not usually abundant in Cryptocercus. It has a contractile axostyle similar in fine structure and movements to those of the other genera, but it has not been studied in detail and will not be considered further here. The other two genera, although readily distinguishable in phase contrast, when the whole organisms can be seen, are difficult to identify in the electron microscope unless the sections include the posterior ends of their axostyles. Where the genera can be distinguished in this way it is clear that there is no essential difference in their axostylar structure, and it has been confirmed by examining further sections cut at different levels through the same organisms that this conclusion holds for the whole length of the axostyle, and not just its posterior extremity. Since the movements of the axostyles are also essentially similar in the two genera it is permissible to treat them together for the purposes of this paper.
A detailed account of the structure of these organisms as it can be seen in the light microscope was given by Cleveland et al. (5) . The ribbonshaped axostyle is the most prominent object in the cell. It originates anteriorly close to the point of origin of the flagella and runs backwards through the cell to the posterior end (Fig. 1) . It is very readily visible in living organisms in phase contrast (Figs. 2, 3 , and 5) and in fixed preparations is intensely stained with iron haematoxylin. It is positively birefringent with respect to its length. The nucleus is always attached close to its anterior end.
Movements of the Axostyle
In organisms examined immediately after removal from the host the axostyle is in constant, rapid undulatory movement, with bending waves originating at the anterior end and passing backwards (Fig. 7) . The amplitude of the waves varies considerably in different organisms (compare Figs. 2 and 3) but is normally sufficient to alter the shape of the whole cell, which itself undulates. This is the principal means of locomotion in these organisms. In less active organisms the axostyle may still undulate, but more slowly, and the amplitude of the waves may be less. The changes in body shape are then correspondingly smaller and slower and FIGURES ~ to 6 Phase contrast photomicrographs. All except and is undulating slowly, transmitting waves of low amplitude. Note that it can be seen edge-on along its whole length. Fmuas 7 Tracings from a cine-film, showing the form of the axostyle at 1/~-second intervals. The organism was almost stationary and the fairly slow undulations of the axostyle were not producing large changes in the shape of the body.
may be insufficient to propel it along. This was the case with the organism shown in Fig. 7 , which was almost stationary.
In some organisms the axostyle may lose its normal sinusoidal form and take on an approximately semicircular shape (Fig. 5 ). In this configuration waves of low amplitude may continue to pass backwards along it, or small local undulations may occur which are not propagated, so that part of the axostyle undergoes small rhythmic movements while the rest is stationary. Such undulations may occur at any point along the length of the axostyle and do not necessarily originate at the anterior end. The axostyle may also coil into a flat spiral, like a watch-spring, and remain motionless. Both of these states may be assumed temporarily, the axostyle subsequently returning to its normal sinusoidal form and resuming its active undulations. A more extensive description of the variation in axostyle movements has been given elsewhere (5) .
It is a matter of some difficulty to determine the precise form of the normal undulations, but most probably they are essentially two-dimensional (i.e., they are sinusoidal rather than helical).
Certainly in organisms in which the axostyle assumes its semicircular form bending is restricted to a plane perpendicular to the wide dimension of the axostyle, which can be viewed edge-on along its entire length (Fig. 5) . The appearances in actively moving organisms are less easy to interpret, since the axostyle can often be seen both edge-on and in surface view at different points along its length (Fig. 6 ). The fixed, isolated axostyle in Fig. 4 also presents this appearance. The explanation of this appears to be that the axostyle is usually twisted slightly about its longitudinal axis, as well as undulating as a whole. The fact that the whole of the axostyle can be kept in focus at relatively high magnifications while it is undulating actively suggests strongly that bending must be largely restricted to one plane.
There is abundant evidence that the movements of the axostyle are active, and that it is not moved passively by the surrounding cytoplasm. As noted, the axostyle may undulate in stationary cells which are not changing shape, and it may also continue to bend for a short time in damaged cells in which much of the cytoplasm has been lost. Furthermore, in dividing organisms undulations of the cell do not begin until the new axostyles are grown.
Fine Structure
In thin sections the axostyle appears in low power micrographs as a dark band or ribbon running through the cytoplasm (Figs. 8 and 9 ). Higher magnifications show it to be made up of large numbers of longitudinal fibres which run straight and closely parallel to one another (Fig.  14) . Sections in which the axostyle is cut transversely show that the fibres are arranged with great regularity in rows running across the width of the axostyle (Figs. 10 and 12 ). The number of rows and the number of fibres in each row vary considerably from one species to another: in small organisms there may be only 3 or 4 rows with 20 to 30 fibres in each (Figs. 9 and 12) , while in large ones there are 30 or more rows, each with about 150 fibres (Fig. 10) . The total number of fibres therefore varies between about 100 and 5000. Whatever the number of fibres, however, they are always organized into a ribbon about ten times as wide as it is thick. The principal direction of bending of the axostyle (see above) is perpendicular to the plane of the rows of fibres. Rows of fibres do not necessarily extend the whole width of an axostyle (Fig. 9) , and not all fibres extend the whole length, since the ends are tapered. It is almost invariably the case that incomplete rows of fibres are found on the side of the axostyle to which the nucleus is attached, while the opposite surface is made up of complete rows (Fig. 8) .
The fibres are approximately 240 A in diameter, circular in cross-section and apparently hollow, with a dense peripheral region or wall, 40 to 50 A thick, surrounding a less dense core (Figs. 10 to 12) . In some transverse sections the wall has an irregularly beaded or granular appearance which, if not an artefact, might indicate the presence of longitudinally running filaments (Fig. 11) . In longitudinal sections the fibres appear banded, with delicate, slightly denser lines running transversely or slightly obliquely across them at intervals of about 150 A (Figs. 14, 15, and 17) . The banding could be interpreted as indicating a helical structure, such as was suggested for the central fibres of flagella (7) . Attempts to study the substructure of the fibres by negative staining methods have so far been unsuccessful.
The centre-to-centre spacing of fibres within a row is about 400 A and the rows are approximately 300 A apart.
The fibres in 1 row do not occupy a fixed position with respect to those in the next and their relationships may vary within a section of a single axostyle. Often, however, there does appear to be some degree of ordering in that each fibre lies more or less opposite the gap between 2 fibres in the next row. There is, in other words, approximate hexagonal packing, with each fibre surrounded by 6 neighbours (Figs. 10 and 11 ). This relationship, however, is not always found, particularly at the surfaces of the axostyle. (Figs. 10 to 12 ). These join fibres both in the same and in different rows. T h e connexions within a row are generally clear and always seem to be present, while those between rows are often difficult to distinguish. Usually each fibre appears to be linked to both of its neighbours in the same row but to only I or 2 of the immediately adjacent fibres in the adjoining rows. It is not excluded, however, that connexions exist between all adjacent fibres and that the failure to see them is due to imperfect preservation. This is not unlikely in view of their delicacy. In longitudinal sections the cross-links can be seen very clearly, especially in sections cut parallel to the wide dimension of the axostyle (i.e., along the rows) (Fig. 15) . They are regularly spaced at intervals of about 150 A. T h e cross-links are the only structures which have been detected which might be responsible for the maintenance of the regular ordering of the fibres.
A. V. GRIMSTONE AND L. R. CLEVELAND Contractile Axostyles
At the anterior end of the axostyle the fibres are inserted on a short curved rod. This appears to be a solid structure, not made up of separate fibres, FIGVRE 9 Low power micrograph of a small species, showing the transversely sectioned axostyle (a), clearly made up of 6 rows of cylindrical fibres. The rows are of unequal length. Note the rough-surfaced membranes lying against one side of tile axostyle. The cytoplasm also contains many free ribosomes. The convoluted cell membrane is typical of many of these organisms, as is the layer of long, delicate fibres extending from its surface. Much of the cytoplasm is occupied by large vacuoles which probably contain ingested food. X ~8,000.
and it is both longitudinally and transversely striated (Fig. 17) . Its anterior end makes oblique contact with one of the four basal bodies and is presumably attached to it. At the other end, close to where the axostylar fibres are inserted, there is a similar oblique contact with a second basal body, and in this case there is apparently also a region of dense material linking the two (Fig. 17) . T h e longitudinal striations of the rod r u n parallel to the axostylar fibres and have a periodicity of about 150
A. This is close to the diameter of the fibres and it is not always easy to distinguish where the rod ends and fibres begin, particularly as the extreme anterior ends of the fibres appear to lack crossbanding. Examination of a large n u m b e r of micrographs leaves no doubt, however, that rod and axostyle are distinct structures.
T h e posterior end of the axostyle presents a variety of appearances, depending on the genus and species. T h e variations will not be described in A. V. GRIMSTONE .~-ND L. R. CLEVELAND Contractile Axostyles detail. Fig. 18 illustrates the structures in what is probably a species of Oxymonas. Here the axostyle tapers to a point which protrudes above the general cell surface. The tip is enclosed, as might by expected, by the plasma membrane, and also by a delicate conical structure which lies just below the membrane. Anterior to this the axostyle is encircled by a cylindrical, cross-striated sheath. The major periodicity in the banding of this is about 900 A, and there is a narrow dense line in each period, as well as a broad one. An axostylar sheath has not previously been found in Oxymonas but the structure demonstrated here would probably escape detection in the light microscope. The sheath is considerably larger in Saccinobaculus. The end of the axostyle is presumably firmly anchored to the cell membrane by these structures and this is no doubt functionally important in order that axostylar undulations may result in undulations of the whole cell.
The attachment of the nucleus to the axostyle involves no special structures. The surface of the nucleus in contact with the axostyle is flattened (Fig. 8) , and there is amorphous, moderately dense, presumably adhesive material between the nuclear membrane and the fibres in places where the two are in particularly close contact.
The only other feature which calls for comment is the fact that in some organisms the axostyle is closely associated with rough-surfaced, ribosomebearing membranes, which lie close against one of its broad surfaces (Figs. 9 and 12) . The functional significance of this arrangement is unknown. It is not always found (it is lacking, for example, in the large species of Saccinobaculus) and it is presumably therefore not essential for axostylar function. Small vesicles with smooth membranes have also been found close to the axostyle in some organisms (Fig. 12) .
D I S C U S S I O N
The genus Pvrsonympha is closely related to those described here and, like them, has a contractile axostyle. Its fine structure was described by Grass~ (8) , and his account, as far as it goes, is in agreement with that given here. The axosWle was found to be made up of rows of apparently hollow fibres, joined by delicate cross-links, and its connexion to the region of the basal bodies by a ruban axiale (cor- responding to the curved rod of this paper) was noted. Grass5 also discussed the resemblances between the axostylar fibres and other fibres which occur in protozoa. He noted their possible similarity to the flagellar fibres, but concluded that the axostyle as a whole most closely resembled the myonemes of the ciliate Spirostomum (11) , which are also made up of rows of cylindrical fibres.
The micrographs presented here are somewhat clearer than those published by Grass6 and we now have more precise information about the structure of flagella (7) than was available to Grass6 in 1956. In consequence it is now possible to state with some confidence that the fibres of the axostyle do indeed closely resemble the fibres of cilia and flagella, and (Fig. 13) , they bear "arms" (7), and they are not obviously cross-banded (Fig. 16) . FIGURE 10 Transverse section of an axostyle from a large organism, showing the extremely regular rows of fibres, which are circular in cross-section and apparently hollow. Connexions are visible between many of the fibres, especially between neighbours in the same row. Note the approximate hexagonal packing of the fibres. )< 100,000.
Fmvl~:~ 11 Enlargement of a small area of Fig. 10 to show the connexions between adjacent fibres (arrow). Note the irregularly beaded appearance of the wails of the fibres. X ~80,000. FIGURE 17 Section through the anterior end of an axostyle (a), showing its connexion to a curved, crossstriated rod (r), which apparently arises from a basal body (bl). The other end of the rod appears to be closely associated with a second basal body (b2) from which a flagellum (f) arises. A second, transversely sectioned flagellum is also visible. The axostyle is closely applied to the nucleus (n). At the left, below the plasma membrane (m) is a thin lamella (1) made up of a single sheet of fibres similar to those of the axostyle. The significance of this structure, which is always present in this region, is not known. The diffuse material outside the cell is wood (w), on which the host feeds. X 35,000.
These findings are of interest in view of the recent demonstration that a large proportion of the adenosinetriphosphatase (ATPase) activity in the cilia of Tetrahymena is located in the arms of the outer fibres (6) . If A T P is the source of energy for axostyle contraction, then ATPase activity must be located in some different structure, since no arms are present. Attempts to study this question by cytochemical methods have so far been unsuccessful.
M a n y other instances are now known in various protozoa of fibres which appear to be contractile and which resemble more or less closely those of the axostyles described in this paper (9, 10) . In no case, however, have these been described in sufficient detail for it to be determined whether the I~GVRE 18 Longitudinal section through the posterior end of an axostyle, probably of Oxymonas sp. The pointed tip of the axostyle is surrounded by a conical fibrous structure (e), outside which is the plasma membrane (m). Anterior to this the end of the axostyle is surrounded by a cross-striated sheath (s). Cross-connexions between axostylar fibres can be seen. X 50,000. resemblance extends to all the features of their structure described here. Slautterback (12) has recently reviewed the occurrence of cytoplasmic microtubules in a wide range of cells and it is clear that small hollow tubules or fibres are a common cytoplasmic component. It seems very probable, however, as he notes, that more than one kind of microtubule occurs, and most of those discussed by him are smaller in diameter than those described here.
Axostyles, contracting in a m a n n e r not dissimilar to that of flagella, yet consisting as they do of only B I B L I O G R A P H Y
